physiological concentrations of TNF-␣ elicit NADPH oxidasederived ROS and prime cells for enhanced surface protein expression, activation of p38 and ERK1/2 MAPK pathways, and increased chemotaxis. Furthermore, PLB-D cells undergo TNF-␣ priming and provide a genetically modifiable model to study priming mechanisms.
Introduction
The incidence of sepsis continues to increase [1, 2] and, although it is clear that there are detrimental consequences of excessive polymorphonuclear leukocyte (PMN) activation, the requirement for intact neutrophil function during bacterial sepsis has been demonstrated unequivocally. PMN priming induces enhanced readiness for rapid response to a subsequent stimulus and facilitates progression to full activation. A critical aspect of PMN priming as an intermediate level of activation is that primed PMN do not release proteolytic granular contents in response to the priming stimulus. Thus, priming plays a potentially protective role through the prevention of secondary damage to surrounding host cells. Primed PMN have been demonstrated in the circulation of patients during sepsis [3, 4] and other inflamma-tory disease processes [5] , and have been extensively studied in vitro. Although the classical definition of priming suggests that there is not 'full activation' of the NADPH oxidase in response to a priming stimulus [6] , we have recently demonstrated that the priming stimulus endotoxin elicits low-level reactive oxygen species (ROS) generation, in addition to priming PMN for an enhanced respiratory burst in response to subsequent stimuli [7] .
A number of diverse agents have priming effects on PMN, and both the underlying mechanisms of priming and the primed PMN phenotype are variable and dependent on the stimulus (reviewed by Condliffe et al. [8] ). TNF-␣ , an inflammatory cytokine released during sepsis, has been extensively studied as a priming agent for PMN functions. The clinical relevance for better understanding the phenomenon of priming by TNF-␣ is underscored by clear evidence that low levels of TNF-␣ are present in the circulation of patients with sepsis and, in some cases, increasing TNF-␣ levels inversely correlated with survival [9] [10] [11] .
The phenotype of TNF-␣ -primed cells includes an enhanced oxidative burst in response to future stimuli [12] , increased surface levels of the ␤ 2 -integrins [13] and improved cell migration [14] . Review of this literature is complicated by the wide variation in TNF-␣ concentrations used to 'prime cells, ranging from 1 to 200 ng/ml. However, the majority of studies employed at least 10 ng/ ml [15] [16] [17] , a concentration that is significantly in excess of the range commonly seen in patient serum samples (30-1,300 pg/ml) [9] [10] [11] . Similarly, investigations of the mechanisms and signaling pathways responsible for these changes in PMN function used greater than physiologic concentrations, with the rare study employing a range of TNF-␣ concentrations that includes pathophysiologically relevant levels [18] .
We recently reported our studies of endotoxin-mediated priming of human PMN and demonstrated that the development of the primed state requires both NADPH oxidasegenerated ROS and the anion transporter chloride channel-3 (CIC-3) [7] . The phagocyte NADPH oxidase is a multicomponent enzyme complex that produces substantial quantities of ROS necessary for optimal microbicidal activity against many pathogens. In addition, low levels of ROS are generated by PMN for signaling purposes and have been demonstrated to be involved in the regulation of integrin activation [19] and apoptosis [20] . Our recent investigation provides additional evidence that NADPH oxidasegenerated ROS signaling is required for PMN priming.
Further dissection of the mechanism of CIC-3 interaction with NADPH oxidase function in human PMN priming has been hampered by a lack of selective inhibitors for anion transporters and the inability to transfect human neutrophils. In the current study, we focused on priming by the cytokine TNF-␣ and studied both primary human PMN and the myeloid cell line PLB-985 differentiated to a neutrophilic phenotype. The goals of the current study included: (1) investigation of the primed PMN phenotype in response to TNF-␣ using a range of concentrations of this cytokine, consistent with levels detected in human serum during sepsis; (2) determination of the oxygen dependence of the TNF-␣ priming process; (3) characterization of priming in a genetically modifiable cell line for future use. Herein, we show that both PMN and PLB-D cells undergo priming by TNF-␣ for enhanced NADPH oxidase activity, increased cell surface receptor expression and improved chemotaxis. These events occur with priming concentrations of TNF-␣ as low as 1 pg/ml. Alterations in directional motility as a result of TNF-␣ priming vary based on the concentration of the cytokine presented. Furthermore, TNF-␣ -mediated priming of the respiratory burst is partially oxygen dependent in both cell types, as significantly reduced priming occurs under anaerobic conditions. The mechanism of NADPH oxidase involvement appears distinct from that seen in endotoxin priming, as upregulation of CD11b and activation of p38 MAPK occur in an NADPH oxidase-independent manner.
Human PMN Purification Human PMN were isolated according to standard techniques from heparin anti-coagulated venous blood from healthy, consenting adults in accordance with a protocol approved by the Institutional Review Board for Human Subjects at the University of Iowa. PMN were isolated using dextran sedimentation and Hypaque-Ficoll density-gradient separation, followed by hypotonic lysis of erythrocytes as previously described [21] . PMN purity using this method of isolation was greater than 95%. PMN were maintained in HBSS without calcium and magnesium until used experimentally, always within 10 min of completion of the isolation process. Unless otherwise specified, 1% human serum albumin and 0.1% dextrose were added to commercial HBSS with calcium and magnesium as the working buffer solution for all assays of PMN function. In whole blood flow cytometry assays, heparinized whole blood was obtained and used within 10 min of phlebotomy.
Cell Culture and Differentiation of PLB-985 Cells
The human myeloid leukemia cell line PLB-985 (a generous gift from Dr. William M. Nauseef, Iowa City, Iowa, USA) was cultured in RPMI 1640 medium supplemented with L -glutamine, penicillin, streptomycin, HEPES and 10% heat-inactivated FBS, and cells were maintained at 37 ° C with 5% CO 2 and passaged twice weekly. Granulocytic differentiation of cells was accomplished according to previously published methods [22] . Briefly, the cell culture medium was replaced with RPMI 1640 medi-um supplemented with L -glutamine, penicillin, streptomycin, HEPES, 0.5% heat-inactivated FBS, 0.5% DMF and 1% Nutridoma, and cells were maintained at 37 ° C with 5% CO 2 . The differentiation medium was changed after 3 days in culture. Differentiated cells were used for experiments after 6 days in differentiation culture medium. In one series of experiments, a stable line of PLB-985 cells with targeted disruption of gp91 phox (a gift from Mary Dinauer), X-CGD cells, were used to discern the role of the NADPH oxidase in p38 MAPK activation elicited by TNF-␣ priming.
Priming of PMN or PLB-D Cells
In priming studies, isolated PMN or PLB-D cells were incubated with TNF-␣ at a range of concentrations as described in individual results. Incubations occurred at 37 ° C for all priming studies for 10-60 min, as specified. In order to minimize the effects of the PMN isolation process on measured functional endpoints, cells were used within 10 min of completion of isolation. In some assays, these results were compared directly with studies of PMN in whole blood.
Analysis of Oxygen Dependence of the Priming Process
To assess the requirement for oxygen during the priming process, some priming studies were conducted in an anaerobic chamber (Bactron II; Sheldon Manufacturing, Cornelius, Oreg., USA). PMN or PLB-D cells were brought into the anaerobic chamber and primed with TNF-␣ under anaerobic conditions. Cells were then removed from the chamber, and immediately placed on ice and assayed for NADPH oxidase activity in response to fMLF, or studied by flow cytometry for mobilization of intracellular stores of proteins, as described below. Conditions in the anaerobic chamber were assessed by analysis of PMA-induced NADPH oxidase activity in the chamber as measured by the reduction of ferricytochrome c (cyt c ), see below. We have previously demonstrated that PMN pretreatment with 30 min of anaerobic conditions does not alter PMN cell viability or levels of NADPH oxidase activity in response to serum opsonized zymosan (OpZ) and PMA [7] .
Measurement of NADPH Oxidase Activity
Chemiluminescence Lucigenin-enhanced chemiluminescence (LUC-CL) assays of NADPH oxidase activity were performed in a 96-well plate using the Fluostar Omega (BMG Technologies, Troy, Mich., USA). Two hundred microliter of a PMN suspension containing 2.5 ! 10 6 PMN/ml in HBSS with 1% HSA and 0.1% dextrose was added to each well with the final concentration of lucigenin (100 M ). PLB cells were initially stimulated by addition of either OpZ (5 particles per cell) or PMA 10 ng/ml final concentration. For priming experiments, cells were stimulated by addition of TNF-␣ (100 pg/ ml to 100 ng/ml) 8 fMLF, as specified. Chemiluminescence was quantitated as relative light units using a kinetic assay with readings every minute for 30-90 min.
Reduction of cyt c Extracellular O 2 -generation was measured as the superoxide dismutase (SOD)-inhibitable reduction of cyt c in a 96-well microplate using the Fluostar Omega. PMN suspensions were diluted and added to the microplate as described above. cyt c (100 M) was added to the suspension just prior to loading in the microplate. In duplicate wells, SOD was added at a final concentration of 50 g/ml. The maximum rate (V max ) of O 2 -generation and the total nanomoles O 2 -/min was calculated as the SOD-inhibitable reduction of cyt c , with readings at absorbance 550 nm every 15 s for 30 min following injection of the stimulus, as specified. For assessment of oxygen tension in the anaerobic chamber, paired groups of triplicate wells loaded with PMN and cyt c as described above were stimulated in the chamber with PMA (100 ng/ml) 8 SOD. After 10 min, one set with PMA alone and one set with PMA + SOD were treated with diphenyleneiodonium (DPI), an inhibitor of flavoproteins, to inhibit further NADPH oxidase activity. The microplate was removed from the anaerobic chamber and incubated for an additional 10 min before endpoint readings were measured. The percent inhibition of NADPH oxidase activity in the anaerobic chamber was quantitated by comparing the SOD-inhibitable reduction of cyt c in the wells treated with DPI prior to removal from the chamber to those wells allowed to incubate an additional 10 min under normoxic conditions. By comparison to previous studies, we used 85% reduction of NADPH oxidase activity in response to PMA as the cutoff for adequacy of anaerobic chamber function, correlating to an oxygen level of ! 0.1% [23] .
Analysis of Cell Surface Protein Expression by Flow Cytometry
PMN were analyzed using a FACScalibur flow cytometer (BD Biosciences, Franklin Lakes, N.J., USA). For assessment of surface expression of gp91 phox and CD11b, PMN or PLB-985 cells were incubated in HBSS buffer 8 TNF-␣ , as specified. Following incubation, cells were centrifuged and resuspended in blocking buffer containing PBS with 2% nonfat dry milk, and 4% normal goat serum for 20 min on ice. Primary antibodies, including murine IgG 1 control, anti-CD11b or anti-gp91 phox , all at final concentrations of 8.3 g/ml, were added after blocking and incubated for 1 h on ice. Cells were centrifuged and resuspended in FITC-con-jugated goat anti-mouse antibody at a 1: 1,000 dilution and incubated for 30 min on ice. Cells were resuspended in buffer containing 5 g/ml propidium iodide prior to analysis. In some experiments, DPI (50 M ) was used to inhibit the NADPH oxidase. This concentration of DPI was chosen after preliminary studies demonstrated 1 99% inhibition of superoxide generation in response to PMA as measured by reduction of cyt c , whereas 10 M DPI inhibited approximately 95% of superoxide [7] . To analyze cell surface fMLF receptor expression, PMN or PLB-985 cells were incubated in buffer 8 TNF-␣ , as specified. Following incubation, cells were fixed for 30 min on ice in 4% paraformaldehyde. Cells were centrifuged, washed with ice-cold buffer, and resuspended at 2 ! 10 6 PMN/ml. F-N (10 n M final) was added in the absence or presence of an excess amount of fMLF (5 M ) and tumbled for 30 min at room temperature in the dark, as described [24, 25] . For select assays, PMN surface expression of CD11b was analyzed by FACS using freshly obtained whole blood incubated with or without TNF-␣ and treated for 1 h on ice with primary antibodies: IgG 1 control or anti-CD11b (6.25 g/ml). Following incubation, RBCs were lysed using FACS lysis buffer (BD Biosciences) and PMN were washed, resuspended and incubated with FITC-conjugated goat anti-mouse secondary antibodies at 1: 1,000 dilution for 30 min on ice, prior to washing and FACS analysis.
Analysis of PMN Chemotaxis by EZ-TAXIScan Assay

EZ-TAXIScan
TM assays (Effector Cell Institute, Tokyo, Japan) were performed at 37 ° C using the assembled chemotaxis apparatus perfused in EZT buffer, as described [25, 26] . Briefly, PMN at 1 ! 10 7 /ml were kept in HBSS without calcium and magnesium until ready for use. Cells were then diluted to 1 ! 10 6 /ml in HBSS with calcium and magnesium and treated with buffer (control) or with TNF-␣ (10 ng/ml) and incubated for 30 min at 37 ° C. In each of 6 separate channels in the apparatus, a PMN suspension (approx. 5 l of 1 ! 10 6 /ml) was injected with a 10-l microsyringe and cells were aligned along the edge of the PMN chambers using the fluid flow technique [26] . Chemoattractants (1 l of fMLF or activated complement component 5, C5a, at specified concentrations) were then injected into the stimulus chambers (opposite from the PMN loading chambers) to form chemotactic spatial gradients. Data were recorded channel by channel at 1-second time-lapse intervals between channels, as described [25, 26] . Chemotaxis assays were filmed for 60 min, with an image collection rate of 3 frames/min. Cells were manually tracked using Image J software and the percentage of motile cells from each experimental condition was calculated. Cells moving with an average instantaneous velocity (IV) less than 3 m/min were considered nonmotile and were not included in the calculation of average chemotaxis parameters. Assessment of directionality, or chemotactic index (CI), was calculated as the ratio of net path length toward the chemoattractant to total path length of an individual cell. Chemotaxis parameters were computed using data obtained from individual cell tracks from at least 5 separate experiments, with at least 50 cells analyzed per condition.
Analysis of MAPK Phosphorylation by Immunoblotting
were treated with TNF-␣ for the specified time points. Some PMN were treated with DPI (50 M ) to inhibit the NADPH oxidase prior to incubation with TNF-␣ . Following incubation, cells were centrifuged and lysed in PMN lysis buffer (100 m M Tris, 150 m M NaCl, 2 m M MgCl 2 , 1% Triton, 1 m M PMSF, 2% leupeptin/pepstatin A) for 45 min at 4 ° C with tumbling. Lysates were centrifuged at 14,000 rpm for 7 min and removed to fresh tubes. Samples were heated to 103 ° C for 3 min prior to analysis by SDS-PAGE.
Protein Electrophoresis and Immunoblotting
Samples were resolved in an 11% gel by SDS-PAGE and then transferred to nitrocellulose. Blots were probed for phosphospecific p38 MAPK, ERK1/2 and JNK using the following antibodies: phospho-p38 MAP kinase (Thr180/Tyr182) antibody at 1: 1,000 dilution; phospho-p44/42 MAPK (Thr202/Tyr204) rabbit monoclonal antibody at 1: 2,000 dilution; phospho-SAPK/JNK (Thr183/ Tyr185) rabbit monoclonal antibody at 1: 1,000 dilution (Cell Signaling Technology, Danvers, Mass., USA). To quantify relative amounts between experiments, blots were stripped and reprobed with phosphorylation state-independent antibodies to p38, ERK1/2 and JNK using the following antibodies: p38 MAP kinase antibody; p44/42 MAP kinase (137F5) rabbit monoclonal antibody; SAPK/JNK (56G8) rabbit monoclonal antibody all at 1: 1,000 dilution (Cell Signaling Technology). Immunoblots were processed using Alexa Fluor 680 goat anti-rabbit secondary antibody (Invitrogen) and detection was performed using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, Nebr., USA).
Analysis of MAPK Phosphorylation by Flow Cytometry
PLB-D or differentiated X-CGD PLB cells were incubated with or without TNF-␣ for the specified time points at 37 ° C, then placed immediately on ice. Cells were centrifuged and resuspended in 4% paraformaldehyde and fixed for 30 min on melting ice. Cells were spun and washed with ice-cold PBS and resuspended in ice-cold acetone to permeabilize for 5 min on ice. Following permeabilization, cells were washed twice and resuspended for blocking on ice for 20 min Primary antibodies were added on ice for 1 h (anti-phospho p38 1: 100 or anti-total p38 1: 25). Cells were washed and incubated with goat-anti rabbit FITC-conjugated secondary for 30 min on ice and washed and resuspended in ice-cold PBS for analysis.
Statistical Analysis
Results are expressed as means 8 standard error of the mean. Statistical comparisons were performed by Student's t test, MannWhitney or two-way ANOVA with the Bonferroni test to analyze data with unequal variance between groups as appropriate. The percentage of motile PMN in individual PMN populations was assessed using 2 analysis. A probability of p ^ 0.05 was considered significant. N represents the number of experiments.
Results
Priming of the Respiratory Burst in Human PMN by TNF-␣
We initially focused on characterizing both the direct and priming responses of the NADPH oxidase after stimulation with pathophysiological concentrations of TNF-␣ in freshly isolated human PMN. We selected fMLF as the agonist for NADPH oxidase activity in the priming studies as it is well described to be a weak agonist of the respiratory burst in nonprimed cells, but elicits significantly enhanced ROS production after priming. As we have previously reported [7] , stimulation of PMN with fMLF alone (1 M ) elicited very low levels of total cellular NADPH oxidase activity as measured by LUC-CL ( fig. 1 a) . We tested a broad range of TNF-␣ concentrations for priming (100 pg/ml to 100 ng/ml), incubating cells with TNF-␣ for 30 min. There was dose-dependent generation of ROS in response to TNF-␣ alone as measured by LUC-CL ( fig. 1 b) . PMN primed for 30 min with all concentrations of TNF-␣ displayed marked enhancement in NADPH oxidase activity in response to subsequent stimulation with fMLF ( fig. 1 c) . A 44-fold increase in peak ROS level after fMLF was seen in cells primed with the 1 ng/ml TNF-␣ concentration, compared to ROS generated in response to fMLF alone ( fig. 1 c, inset) . To localize the ROS generated in response to the TNF-␣ priming stimulus, we used an additional assay of NADPH oxidase activity, the reduction of cyt c , which measures only extracellular generation of superoxide anion. The TNF-␣ -primed burst in response to fMLF included significant extracellular generation of superoxide (3.4-fold increase in O 2 -in PMN stimulated with TNF-␣ and fMLF vs. unstimulated PMN at 30 min; fig. 1 d) . Lowlevel, but detectable, superoxide measured under unstimulated conditions represented NADPH oxidase activity occurring over time in our buffer conditions. Importantly, in contrast to the concentration-dependent total ROS stimulated by TNF-␣ alone as measured by LUC-CL ( fig. 1 b) , the minimal increase in extracellular superoxide generation noted by reduction of cyt c in response to TNF-␣ alone, as compared to fMLF or unstimulated PMN, does not account for the total ROS generated in response to TNF-␣ . These data suggest that the ROS generated in response to the priming stimulus, TNF-␣ , was predominantly intracellular.
Induction of NADPH Oxidase Activity in Response to Differentiation of PLB-985 Cells
We next sought to investigate priming by TNF-␣ in a genetically modifiable cell line. We selected the myeloid cell line PLB-985, as there was previous evidence of these cells' capacity to undergo priming by granulocyte macrophage colony-stimulating factor (GM-CSF). We used the differentiation protocol for PLB-985 cells described by Pedruzzi et al. [22] that demonstrates a greater percentage of cells differentiated into mature neutrophilic cells compared to previously reported methods. Using this protocol, we initially characterized the PLB cell cultures by microscopy according to the phenotypic characteristics initially described for these cells [27] . Following 6 days of differentiation, cells were 84 8 1.7% differentiated, with 15.5 8 1.7% in the undifferentiated category, 200 cells per experiment, N = 12. Consistent with previous reports [22] , these differentiated PLB-D cells (day 6) displayed significant levels of NADPH oxidase activity as measured by LUC-CL, in response to both a particulate stimulus, OpZ ( fig. 2 a) , and to the soluble agonist, PMA ( fig. 2 b) . NADPH oxidase activity was not seen in the PLB-985 cells prior to the differentiation process (day 0). These data suggested that this differentiation approach was feasible for our studies of TNF-␣ priming.
Priming of NADPH Oxidase Activity in PLB-D Cells
We further investigated NADPH oxidase activity in response to the priming agent TNF-␣ and in response to fMLF after TNF-␣ -mediated priming in PLB-D cells. As described above, fMLF was chosen as the postpriming stimulus because it is a weak agonist of the respiratory burst in resting PMN. However, the results of these studies in PLB-D cells were complicated because fMLF stimulated a much greater NADPH oxidase response in naïve (unprimed) PLB-D cells compared to unprimed PMN. A lower concentration of fMLF was studied to determine whether the direct NADPH oxidase response to fMLF might be reduced and priming effects more readily identified. Using 100 n M fMLF as the agonist, there was still significant generation of ROS in PLB-D cells ( fig. 3 a) , but there was also evidence of priming of the respiratory burst in PLB-D cells primed by TNF-␣ ( fig. 3 b, inset) . There was no increase in the primed burst using higher concentrations of TNF-␣ for priming. Interestingly, in contrast to the studies in PMN, only minimal levels of ROS were detected in response to the priming agent TNF-␣ alone ( fig. 3 b) .
Cell Surface Expression of the fMLF Receptor in PMN and PLB-D Cells
We reasoned that the enhanced NADPH oxidase activity seen in naïve PLB-D cells in response to fMLF might be secondary to greater fMLF receptor density on the surface of unstimulated PLB-D cells as compared with unstimulated PMN. To test this we used flow cytometry to measure binding of F-N, a fluorescent ligand which binds to formyl-peptide receptor 1 [24] . We have previously confirmed that this ligand binds the fMLF receptor by competition studies with unlabelled fMLF [25] . Both PMN and PLB-D cells had easily detectable surface levels of fMLF receptor using this method, however, PMN had greater cell surface expression of the receptor than did PLB-D cells at rest ( fig. 4 ) . In response to stimulation with TNF-␣ , PMN displayed slightly enhanced levels of fMLF receptor expression that were independent of the TNF-␣ concentration but not significantly increased over unstimulated PMN. There was no increase in F-N binding following TNF-␣ stimulation of PLB-D cells. Considered in combination with the significant direct NADPH oxidase response to fMLF alone, it appeared that alternate endpoints to assess the primed phenotype in PLB-D cells would be necessary as cellular responses to fMLF stimulation may not be equivalent in PMN and PLB-D cells.
Enhanced Cell Surface Protein Expression after TNF-␣ Priming in PMN and PLB-D Cells
Mechanisms underlying the generation of the primed phenotype have been described to include cell surface mobilization of intracellular stores of certain proteins, including adhesion molecules and subunits of the NADPH oxidase, such that primed cells display enhanced readiness to respond to subsequent stimuli. In view of our previous data demonstrating enhanced PMN surface ex-pression of gp91 phox and the ␤ 2 -integrin CD11b following endotoxin priming [7] , we elected to study these additional endpoints of priming for comparison between PMN and PLB-D cells treated with TNF-␣ . It has been demonstrated previously that TNF-␣ priming elicits increased surface protein expression, although these studies employed significantly higher concentrations of TNF-␣ than are found in vivo [13] . Using flow cytometry to measure cell surface molecule expression, we found that TNF-␣ (100 pg/ml to 100 ng/ml) elicited significantly increased cell surface expression of both CD11b and gp91 phox . Priming PMN with 100 pg/ml TNF-␣ , a concentration routinely found in the plasma of septic patients [9] [10] [11] , increased cell surface levels of CD11b and gp91 phox by 1.8-and 1.4-fold, respectively, as compared to unstimulated PMN ( fig. 5 a-c) . Similarly, although the magnitude of change was not as great as that seen in PMN, TNF-␣ (10 ng/ml) elicited significant enhancement of these proteins on the PLB-D cell surface ( fig. 5 de) . These data provided further evidence that PLB-D cells are a genetically modifiable cell line suitable to study priming in combination with studies on primarily isolated human PMN, and that physiologically relevant concentrations of TNF-␣ elicit changes in cell surface protein expression in PMN.
PMN and PLB-D Cell Chemotaxis Altered by TNF-␣ Priming in a Concentration-Dependent Manner
In view of the altered integrin levels observed in response to TNF-␣ -mediated priming in both PMN and PLB-D cells, we evaluated an additional endpoint of priming, PMN directional migration in response to chemoattractants. The literature on effects of priming on chemotaxis is not straightforward and has been hampered by analysis of TNF-␣ concentrations in excess of those typically seen during sepsis in vivo. Previous studies have shown that high concentrations of TNF-␣ inhibit PMN chemotaxis [28, 29] . In studies using more physiologically relevant TNF-␣ concentrations, enhanced PMN migration was observed [30, 31] .
We explored potential alterations in chemotaxis in PMN and PLB-D cells primed with a range of TNF-␣ concentrations using the EZ-TAXIScan assay, which permits direct visualization of chemotaxis with measurement of individual cell directionality and velocity [25, 26] . TNF-␣ has been shown to alter fMLF receptor-binding affinity [29] , therefore, we assessed PMN chemotaxis in response to the anaphylatoxin, C5a, as well as to the classical chemoattractant, fMLF, used in our prior priming studies. We employed a range of chemoattractant concentrations to characterize PMN chemotaxis in response to increasing chemoattractant spatial gradients. PMN primed with a higher concentration of TNF-␣ (10 ng/ml) demonstrated impaired directional migration (or mean CI) to C5a, with significant impairment in response to the 0.01 M C5a gradient compared to control PMN ( fig. 6 a) . In contrast, PMN primed with low-level TNF-␣ (1 pg/ml) demonstrated significantly enhanced chemotaxis in all studied C5a gradients compared to control PMN. In addition, PMN average IV was significantly decreased following priming with 10 ng/ml TNF-␣ , but significantly increased after treatment with 1 pg/ml TNF-␣ in response to all studied C5a gradients ( fig. 6 b) . These data were confirmed in our population analysis, demonstrating significantly altered motility curves for TNF-␣ primed PMN compared to control PMN ( fig. 6 c) . No difference in CI or IV was noted between control and TNF-␣ (1 pg/ml or 10 ng/ml)-primed PMNs moving in the absence of a C5a gradient (data not shown). Importantly, when we tested the effect of TNF-␣ priming on chemotaxis in the PLB-985 cell line, PLB-D cells primed with 1 pg/ml TNF-␣ also demonstrated significantly enhanced chemotaxis compared to control cells in response These data suggest that TNF-␣ priming has concentration-dependent effects on PMN and PLB-D cell-directional motility and that PMN chemotaxis is enhanced by the pathophysiological TNF-␣ concentrations typically observed during sepsis in vivo .
NADPH Oxidase Activity Not Required for TNF-␣ Activation of p38 and ERK1/2 MAPKs
Intracellular signaling proteins involved in the prioritization of chemotactic responses, including the MAP kinases, are under investigation by multiple laboratories. We have previously demonstrated that priming of PMN by endotoxin elicits rapid phosphorylation of p38 MAPK that occurs in an NADPH oxidase-dependent manner [7] . Based on these data and the evidence that TNF-␣ generates a p38 MAPK-dependent stop signal involved in cell migration [31] , we studied phosphorylation of the MAPK proteins in response to TNF-␣ under control conditions and in the setting of NADPH oxidase inhibition. Confirming the findings of others [18] , with extended kinetic analysis, we demonstrated a time-dependent activation of p38 MAPK ( fig. 7 a) and ERK1/2 ( fig. 7 b) during incubation with TNF-␣ , but no alteration in phosphorylation of JNK ( fig. 7 c) . In contrast to our findings with endotoxin priming [7] , this enhanced MAPK phosphorylation was not inhibited by pretreatment of PMN with DPI, an inhibitor of flavoproteins that impairs NADPH oxidase function. In view of these data, we also performed analysis of p38 MAPK activation in differentiated PLB cells, as well as X-CGD PLB cells (lacking gp91 phox ). PLB-D cells demonstrated enhanced phosphorylation of p38 MAPK in response to TNF-␣ priming, although the magnitude of enhancement of activation was less than that seen in human PMN. Moreover, similar to our findings in DPItreated human PMN, X-CGD PLB cells also displayed increased levels of phosphorylated p38 MAPK during TNF-␣ priming, with peak activation at 5 min after TNF-␣ . ( fig. 7 d, e) . 
Priming of PMN and PLB-D Cells by TNF-␣ Is Oxygen Dependent
This contrast in the NADPH oxidase dependence of p38 MAPK activation in response to TNF-␣ versus endotoxin priming suggested that TNF-␣ priming might not be oxygen dependent. Moreover, the absence of any direct ROS generation in response to the priming stimulus, TNF-␣ , in PLB-D cells was notable in view of our previous data suggesting that endotoxin priming is both oxygen and NADPH oxidase dependent [7] . We reasoned that the mechanisms underlying the primed phenotype might be different in response to TNF-␣ , therefore, we investigated TNF-␣ -mediated priming under anaerobic conditions. Following priming in the anaerobic chamber, cells were removed to room air for stimulation with fMLF and measurement of NADPH oxidase activity by LUC- CL. This permitted direct comparison between cells primed under aerobic (room air) versus anaerobic, but otherwise identical, conditions. When primed under anaerobic conditions, PMN demonstrated a dramatic reduction in the primed respiratory burst ( fig. 8 a, b) . PMN primed with TNF-␣ (1 ng/ml) for 30 min under anaerobic conditions had an 85.0% reduction in peak NADPH oxidase activity in response to fMLF, as compared with cells primed under aerobic conditions. For PLB-D cells, the primed burst was 79.0% reduced under anaerobic conditions ( fig. 8 c, d ). This decrease in NADPH oxidase activity did not represent loss of cell viability based on prior controls demonstrating normal PMA-and OpZ-induced ROS generation after 30 min under anaerobic conditions [7] . Despite the generation of negligible levels of ROS in response to the priming stimulus alone in PLB-D cells, the inhibition of priming under anaerobic conditions was strikingly similar to the phenotype seen in PMN. Importantly, some degree of priming occurred even under anaerobic conditions in both PMN and PLB-D cells, suggesting both an oxygen-dependent and oxygen-independent pathway for PMN priming of the respiratory burst by TNF-␣ . 
Role of NADPH Oxidase in PMN Priming by TNF-␣
Based on the marked reduction in the primed respiratory burst seen under anaerobic conditions, we reasoned that NADPH oxidase might be required for the oxygendependent component of priming. We studied cell surface protein expression in control cells versus PMN treated with DPI. We found that unstimulated (no Ag) and DPI-treated PMN had a similar degree of enhancement in CD11b and gp91 phox cell surface expression following priming with TNF-␣ ( fig. 9 a, b) . These data suggest that surface protein mobilization in response to TNF-␣ -mediated priming is not NADPH oxidase dependent. We did see upregulation of cell surface protein expression in response to treatment by DPI alone, as we have previously described [7] . To further assess this phenotype, we studied the effect of TNF-␣ priming on PMN from two patients with chronic granulomatous disease who lack functional NADPH oxidase. Interestingly, human PMN lacking NADPH oxidase function also demonstrated increased CD11b surface expression compared to normal control PMN under both unstimulated and TNF-␣ -priming conditions ( fig. 9 c) . Together, these data suggest that NADPH oxidase-dependent, basal oxidant signaling may be required to maintain cellular quiescence. We performed similar studies to determine whether priminginduced surface mobilization of intracellular protein stores was regulated in an oxygen-sensitive manner. Control PMN were primed aerobically or anaerobically with TNF-␣ (10 ng/ml) for 10-60 min. At the specified time points, cells were placed on ice and removed from the anaerobic chamber for processing for flow cytometry. Surprisingly, PMN primed with TNF-␣ under anaerobic conditions had more rapid enhancement of surface CD11b levels than those cells primed under identical, but normoxic, conditions. At the 30-min time point, anaerobically primed cells had a 1.9-fold enhancement in cell surface CD11b levels versus 1.4-fold in the aerobically primed cells compared with controls. By 60 min, both aerobic and anaerobically primed PMN had nearly identical levels of surface protein mobilization ( fig. 9 d) . Based on our concerns that these data might be altered by the PMN isolation process and inadvertant priming during isolation, we repeated these analyses on whole blood under aerobic and anaerobic conditions. Kinetic analysis of PMN studied in whole blood demonstrated TNF-␣ -elicited changes in CD11b surface levels that were similar to our data from PMN isolated by standard techniques ( fig. 9 e) . Taken together, these studies suggest that mobilization of intracellular stores of proteins occurs rapidly in response to TNF-␣ , does not require NADPH oxidase function and occurs in an oxygen-independent manner. Moreover, this phenotypic response is not an artifact of cell isolation and may represent a mechanism for enhanced cell motility under appropriate conditions.
Discussion
In vivo , TNF-␣ stimulation of human PMN occurs under a broad range of clinical conditions; however, the highest circulating levels of TNF-␣ have been documented early in the course of bacterial sepsis and during septic shock. In this setting, the requirement for PMN as an essential cellular component of the innate immune response is unequivocal, but the potential for host tissue damage by release of activated neutrophil products is significant. Host modulation of PMN activation states is accomplished by a number of mechanisms, including PMN priming.
In the current study we explored in vitro neutrophil priming by the cytokine TNF-␣ . Although PMN priming by TNF-␣ has been extensively studied, the literature is difficult to synthesize due to the broad range of protocols and concentrations of TNF-␣ used. The present work demonstrates two novel findings. First, TNF-␣ -mediated priming of the respiratory burst in response to fMLF is a partially oxygen-dependent process. However, TNF-␣ -elicited upregulation of CD11b and activation of p38 MAPK occurs in an NADPH oxidase-independent manner. These data are in direct contrast to our findings with endotoxin-elicited priming. Second, the myelocytic PLB cell line can be differentiated to behave in a fashion similar to PMN and can be used as a genetically modifiable adjunct in priming studies. Moreover, we sought to investigate priming by TNF-␣ at a range of concentrations for each endpoint to determine which elements of the primed phenotype were elicited at pathophysiological levels of TNF-␣ (that is, levels routinely demonstrated in the circulation of septic patients). Interestingly, priming of PMN occurred in response to picogram per milliliter TNF-␣ concentrations, which are substantially lower than most investigators have studied and well within the range found in plasma during sepsis [9] [10] [11] . The signaling mechanisms elicited by these pathophysiological TNF-␣ concentrations are currently under investigation in our laboratory.
Several signaling proteins required for priming of PMN by TNF-␣ have already been identified. A role for p38 MAPKs and ERKs, but not JNKs, was first described in priming of the PMN respiratory burst by TNF-␣ and GM-CSF more than 10 years ago [18] . It is now evident that p38 MAPK is specifically involved in the phosphorylation of serine345 on p47 phox , a cytosolic component of the NADPH oxidase [15] . Furthermore, this phosphorylation event is required for TNF-␣ priming of the respiratory burst [16] . p47 phox undergoes a series of phosphorylation events that are required for assembly of the multicomponent NADPH oxidase, but these data were the first evidence for a direct link between phosphorylation of a specific residue and a downstream functional endpoint [32] .
Although we were the first to demonstrate an NADPH oxidase-dependent component of priming in neutrophil responses to endotoxin in vitro [7] , the concept of ROS signaling involvement in priming has been suggested previously [33] . A role for NADPH oxidase-derived ROS as a signaling intermediary involved in the priming process challenges two fundamental concepts in neutrophil biology. First, the long-standing model of PMN NADPH oxidase activation suggests that nonphagocytic stimuli generate only extracellular ROS [32] . However, our previously published data exploring endotoxin priming [7] and results of the current investigation support our contention that oxidant generation into an intracellular compartment occurs in response to priming stimuli. Furthermore, a number of investigators have presented evidence that intracellular NADPH oxidase assembly occurs in the absence of a phagocytic stimulus with proposed generation of ROS into granular or vesicular structures [34] [35] [36] . The specific nature of these compartments has yet to be defined. Second, by the classical definition of priming, activation of the NADPH oxidase does not occur in response to the priming stimulus alone. We demonstrate here, and have previously published [7] , that ROS are in fact generated in response to priming concentrations of TNF-␣ or endotoxin, although this is low-level ROS synthesis as compared to the primed burst in response to fMLF. Together, these data require an alteration in our understanding of the phenotypes of the primed cell and mechanisms of priming.
Although cellular responses to the inflammatory stimulus TNF-␣ and the bacterial product endotoxin are often grouped together based on the fact that both stimuli elicit NF-B activation [37] , the current investigation demonstrates that the mechanisms involved in TNF-␣ -mediated priming are distinct from the PMN priming response to endotoxin. The TNF-␣ priming process had both oxygen-dependent and oxygen-independent components. Specifically, the current study demonstrates that protein mobilization to the cell surface did not require NADPH oxidase-derived ROS, but rather occurred in an oxygen-independent manner. Moreover, activation of p38 MAPK occurred independently of NADPH oxidase activity. Bouaouina et al. [33] had previously suggested that p38 MAPK activation in PMN by TNF-␣ was redox regulated. In addition, Src family tyrosine kinases are involved in TNF-␣ -mediated ␤ 2 -integrin activation, important for cell adhesion. Interpretation of these described investigations of TNF-␣ -elicited cell signaling is complicated by the use of supraphysiologic concentrations of TNF-␣ for cell stimulation and limited analysis of the specific role of NADPH oxidase derived ROS. Further work is necessary to determine if cellular responses to picogram per milliliter concentrations of TNF-␣ are qualitatively similar to those seen in response to concentrations 1 10 ng/ml.
These considerations regarding correlations between cellular responses and the concentration of cytokine studied seem particularly relevant in view of the chemotaxis data presented here. We found that 10 ng/ml TNF-␣ , a commonly employed concentration in priming studies, significantly inhibited PMN chemotaxis, while 1 pg/ ml enhanced directional movement in both PMN and PLB-D cells. These findings may be of particular clinical relevance as we begin to better understand the balance between pro-and anti-inflammatory host responses to infection. Monocyte-derived TNF-␣ levels may vary widely during the host response to severe sepsis -from very high during the hyperinflammation phase to very low during the immunoparalysis phase [38] -and it appears that this may respectively impede or enhance PMN chemotaxis to sites of infection. Mortality rates associated with uncontrolled pro-or anti-inflammatory states are extremely high and understanding PMN function in vivo during these clinical conditions remains an area of intense research.
Our characterization of priming responses in the differentiated PLB cell line is likely to facilitate many future studies, as these genetically modifiable cells will assist with manipulation of signaling proteins. A single previous investigation demonstrates priming in this cell type in response to GM-CSF [22] , but our report is the first to study PLB 985 cell responses to inflammatory cytokines. There is a growing literature utilizing cell lines differentiated to neutrophil-like phenotypes for genetic manipulation, in combination with studies of primarily isolated PMN. In fact, mutagenesis was utilized in human promyelocytic leukemia HL-60 cells to define the critical serine residue of p47 phox required for priming in response to TNF-␣ [16] . Although the limitations of these cell lines have been extensively documented by others, it is clear that when used in combination with PMN, PLB 985 cell studies will augment in-depth investigation of the signaling pathways involved in PMN function.
In conclusion, we have confirmed that several reported phenotypic endpoints of TNF-␣ -mediated priming occur in response to picogram per milliliter concentrations of TNF-␣ . We have demonstrated that differentiated PLB-985 cells undergo priming in response to these physiologically relevant concentrations of TNF-␣ , with increased NADPH oxidase activity, enhanced surface mobilization of the gp91 phox subunit of the flavocytochrome b 558 and the ␤ 2 -integrin CD11b, and augmented chemotaxis, all important endpoints of PMN priming.
This investigation has also demonstrated that while TNF-␣ -mediated priming of the respiratory burst is partially oxygen dependent, other priming endpoints are not similarly redox regulated. Understanding the oxidant-sensitive and oxygen-independent components of the TNF-␣ signaling pathways elicited in PMN is a current priority in our laboratory.
